The replicative life span of normal human fibroblasts is limited by a senescence mechanism that responds to partial telomere shortening by triggering a p53-and p21 cip1 (p21)-dependent growth arrest (5, 8, 12) . Expression of hTERT, the telomerase catalytic subunit, in presenescent fibroblasts and several other cell types, including retinal pigmented epithelial cells, vascular endothelial cells, and mesothelial cells, is sufficient to permanently evade this senescence mechanism and immortalize these cell types (7, 17, 78) . Recent studies have indicated, however, that telomere shortening alone cannot completely explain the replicative life span limit and immortalization barrier exhibited by a diverse set of epithelial cell types.
For keratinocytes (17, 31) , mammary epithelial cells (11, 21, 31, 56) , bladder urothelial cells (51) , and prostate epithelial cells (28, 57) , senescence has been found to be associated with expression and accumulation of high levels of p16 INK4A , an inhibitor of cdk4 and cdk6 (48, 59) . Keratinocytes and mammary epithelial cells engineered to express hTERT extend and stabilize their telomeres but typically are not immortalized. The emergence of rare, rapidly dividing variants from hTERTtransduced keratinocyte cultures has been found to correlate in many cases with loss or substantial reduction of p16 expression, loss of heterozygosity or homozygous deletion of the p16 locus, or hypermethylation of the p16 promoter (17, 20, 31) . These studies have provided compelling yet circumstantial evidence that the replicative potential of keratinocytes and several other epithelial cell types in culture typically does not first become limited by telomere shortening but rather by a mechanism that detects a different, as yet uncharacterized form of cell aging or replicative history and triggers a growth arrest enforced by p16 induction.
Several previous reports (17, 31) indicated that hTERTexpressing keratinocytes are still subject to a p16-associated senescence arrest which acts as a barrier to immortalization and that this occurs whether the cells are cultured in the fibroblast feeder layer system (4, 55) or in a feeder cell-free, nutritionally optimized keratinocyte culture medium, K-sfm (50) . A more recent report (52) comparing the behavior of one primary keratinocyte line cultured in the fibroblast feeder system and in a different keratinocyte medium formulation, MCDB154/KGM (9) , concluded that p16 senescence is not an important factor in determining the replicative potential of keratinocytes and is not a barrier to immortalization when these cells are cultured in the fibroblast feeder system.
In order to investigate the relationships among the various mechanisms implicated in keratinocyte senescence, we have introduced dominantly acting, mutant forms of cell cycle-regulatory proteins that specifically abolish p16-dependent or p53-dependent growth arrest mechanisms in the presence or absence of constitutive telomerase activity. Our observations indicate that keratinocyte proliferation is limited by a p16-enforced growth arrest irrespective of culture conditions or telomerase expression. We also have identified a second, p53-dependent and telomere-independent arrest mechanism that contributes to the limited replicative potential of normal keratinocytes and which acts as a barrier to immortalization in keratinocytes lacking functional p16. These results define the essential elements of a telomere-independent senescence arrest mechanism in keratinocytes and provide a new perspective on the possible roles played by mutations affecting p16 INK4A and p53 in the neoplastic progression of keratinocytes toward squamous cell carcinoma in vivo.
(Some of this research was conducted as part of a Harvard Biochemical Sciences honors thesis by K.M.O.)
MATERIALS AND METHODS
Cell lines. Primary cell lines (also known as cell strains) were cultured from clinically normal tissues: R2F (dermal fibroblast from newborn foreskin) (69) , HM3 (peritoneal mesothelial cell from a 29-year-old female) (41) , strain N (epidermal keratinocyte from newborn foreskin) (54, 58) , OKF4 (oral floor of mouth keratinocyte from a 28-year-old male) (34, 58) , HuCL-22 (corneal limbal keratinocyte from a 30-year-old male), and ConjEp-1 (conjunctival keratinocyte from an 82-year-old male). Two primary cell lines studied were not genetically normal: K107 (epidermal keratinocytes cultured from phenotypically normal skin of a 52-year-old female previously determined to have inherited a heterozygous loss-of-function mutation [G101W] of p16 INK4A ) and POE9n (premalignant oral mucosal keratinocytes possessing a homozygous deletion at the p16 INK4A 
/p14
ARF locus, lacking p53 expression, and exhibiting an extended but finite replicative life span, cultured from a severely dysplastic oral epithelial lesion of a 65-year-old male) (17; J. G. Rheinwald, J. Benwood, A. Palanisamy, R. Feldman, and E. Sauter, unpublished data). N/E6E7 is an immortalized line we derived from strain N by transduction to express the E6 and E7 oncoproteins of human papillomavirus type 16 HPV16 (J. G. Rheinwald, J. Benwood, and A. Palanisamy, unpublished data).
Culture media and methods. Primary keratinocyte lines were initiated either from explanted, minced tissue fragments or from single cells that had been released from such fragments by trypsinization. These cell populations were expanded through one to four serial passages by cocultivating with mitomycintreated Swiss 3T3J2 cells (55) in flavin adenine dinucleotide (FAD) medium, consisting of Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1, vol/vol) medium (Gibco, Invitrogen Corp.), 5% calf serum (HyClone), 10 ng of epidermal growth factor (EGF) per ml, 0.4 g of hydrocortisone per ml, 5 g of insulin per ml, 10 ϫ 10 Ϫ10 M cholera toxin (CT), 2 ϫ 10 Ϫ11 M triiodothyronine, and 1.8 ϫ 10
Ϫ4 M adenine (4, 76) . The primary lines and derived transductants were subsequently cultured either in this feeder cell system or without feeder cells in a nutritionally optimized, keratinocyte serum-free medium (K-sfm) (50) (Gibco, Invitrogen Corp.), supplemented as described previously (58) with 25 g of bovine pituitary extract (BPE) per ml, 0.2 ng of EGF per ml, and 0.4 mM CaCl 2 .
R2F fibroblasts and derived transductants were cultured in DMEM/F12 medium plus 15% iron-fortified newborn calf serum (HyClone, Inc.) plus 10 ng of EGF per ml. HM3 mesothelial cells and derived transductants were cultured in M199/MCDB105 (1:1, vol/vol) medium (Sigma) plus 15% calf serum, 10 ng of EGF per ml, and 0.4 g of hydrocortisone per ml, as described previously (14, 41) . 3T3J2NHP cells (resistant to G418, hygromycin, and puromycin [17] ) and the retroviral vector producer cell lines PA317 and PT67 were cultured in pyruvate-free DMEM (Gibco, Invitrogen Corp.) plus 10% calf serum.
Organotypic cultures were prepared as described previously (47, 58) . Briefly, keratinocytes were seeded at 2 ϫ 10 5 cells/cm 2 of surface area onto contracted, human foreskin fibroblast-containing collagen gels formed on a porous membrane filter unit. These were cultured submerged for 4 days and then at the air-liquid interface for 10 days. The cultures were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
Retroviral vectors and transductions. Retroviral vectors constructed from pBABE-puro and pBABE-hygro (40) and pLXSN (39) were used: pL(p53DD)SN, which expresses a dominant-negative fragment of p53 (23, 63) ; pBABE(cdk4R)hygro, which expresses a p16-resistant point mutant (R24C) form of cdk4 (61, 74) ; and pBABE(hTERT)puro, which expresses the catalytic subunit of human telomerase (17, 24) . The parent, "empty" pBABE and pLXSN vectors were used as controls.
Transductions and selection were performed essentially as described previously (17, 58) . Nearly confluent cultures of PA317 or PT67 amphotropic packaging cells producing the above vectors were incubated for 7 h or overnight in K-sfm or in a 1:1 mixture of K-sfm and a DMEM/F12-based, serum-free keratinocyte medium formulation (29) . The resulting retroviral supernatants were passed through a 0.45-m filter and stored in 2-ml aliquots at Ϫ80°C until use. Human cells plated 1 or 2 days earlier at Ϸ10 5 cells per 9-cm 2 well were transduced by refeeding them for 5 to 7 h with retroviral supernatant plus 2 g of Polybrene (Sigma) per ml. The transduced cells were subcultured the next day into 75-cm 2 flasks. Drug selection (0.2 mg of G418, 10 g of hygromycin, or 1 g of puromycin per ml for keratinocytes; 0.4 mg of G418, 50 g of hygromycin, or 1 g of puromycin per ml for fibroblasts and mesothelial cells) was started 2 days after transduction and continued for 6 to 10 days. Some cdk4R and some hTERT transductants were generated by coplating keratinocytes with mitomycin-treated retroviral producer cells in FAD medium. Three or four days later, the producer cells were selectively removed by brief incubation with EDTA and vigorous pipetting, mitomycin-treated 3T3J2NHP cells were added back to the cultures, and drug selection was started the next day.
Replicative life span determination. Cells were plated at 0.2 ϫ 10 5 to 2 ϫ 10 5 cells per T75 flask or p100 dish in their appropriate growth medium, refed every 2 to 3 days, and subcultured 5 to 8 days after plating, before growth was slowed by high cell density. Population doublings (PD) per passage was calculated as log 2 (number of cells at time of subculture/number of cells plated). No correction was made for cells that failed to reattach or reinitiate growth at subculture. Cumulative PD was plotted against total time in culture to determine replicative life span and the onset of senescence or crisis. Immortalization was judged to have occurred if cells grew for at least 50 PD beyond the life span of the parent cell line. Telomere length measurement. Telomere length was estimated from the average terminal restriction fragment length, detected by hybridizing a 32 P-labeled telomeric (CCCTAA) 3 probe to HinfI-and RsaI-digested genomic DNA separated on agarose gels (15) .
Western blots. One-quarter-to one-half-confluent cultures were trypsinized, rinsed in phosphate-buffered saline (PBS), pelleted, lysed in 20 mM Tris buffer (pH 7.3) plus 2% sodium dodecyl sulfate plus a protease inhibitor cocktail, and sonically disrupted. Then 40 g of protein (assayed with the Bio-Rad protein reagent) from each extract was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with precast, 4 to 20% gradient polyacrylamide gels (Bio-Rad). Gels were electrotransferred to nitrocellulose paper, and proteins were detected with antibodies specific for p16 INK4A exon 2 was performed as described previously (68) . DNA from 3 ϫ 10 5 to 1.5 ϫ 10 6 cells was isolated with the Qiagen DNeasy tissue kit (Qiagen Inc., Valencia, Calif.). Normal human placental DNA was used as a control. The primer pair F (forward) 5Ј-AGCCCAACTGCGCCGAC-3Ј and R (reverse) 5Ј-GGAAGCTC TCAGGGTACAAATTC-3Ј was used to amplify the segment of exon 2 of p16 INK4A that spans codon 101, which is the site of the missense mutation inherited in heterozygous form by the donor of the K107 primary keratinocyte line.
RESULTS

Senescence arrest is closely associated with expression of p16
INK4A for human keratinocytes in culture. We and others have previously reported that p16 expression becomes upregulated in keratinocytes with increasing frequency as they are serially passaged, ultimately yielding a growth-arrested, senescent cell population in which all cells contain a high level of p16 protein (17, 31, 35) . We investigated whether this p16 increase closely precedes growth arrest and is therefore likely to be the cause of senescence rather than an event that follows senescence arrest, as has been described for fibroblasts (3, 66) . Because a recent report (52) concluded that p16-related senescence arrest does not occur at a significant frequency in keratinocytes cultured in the presence of fibroblast feeder cells, we examined keratinocytes grown in that culture system, which we had developed previously (4, 55) , as well as cells grown in K-sfm, the semidefined medium system that we and others have used in previous studies of keratinocyte immortalization (17, 31) .
Mid-to late life span cultures of the primary oral keratinocyte line OKF4, serially passaged in K-sfm beginning at the third passage or serially passaged always in the fibroblast feeder system, were fed with medium containing BUdR for 24 h before fixation and double immunostaining for BUdR and p16. As shown in Fig. 1 , in both culture systems Ͼ90% of cells that were p16 negative or had low levels of p16 incorporated BUdR, indicating that they had been in S phase at some time during the previous day, whereas Ͼ90% of cells that contained moderate to high levels of p16 had not entered S phase during that time. We obtained the same results for two other primary keratinocyte lines derived from different individuals and grown in these two culture systems (data not shown). We concluded that p16 expression very closely precedes senescence arrest for the great majority of keratinocytes growing in either of these culture systems and therefore is likely to play a major role in limiting the replicative potential of primary human keratinocyte cell lines.
We had previously concluded from experiments examining strain N and OKF4 that serial passage of hTERT-transduced primary keratinocytes in the fibroblast feeder system versus K-sfm medium yields the same general result-namely, that immortalized lines that arise from hTERT-expressing keratinocytes typically represent a variant subpopulation that is partly or completely deficient in p16 expression (17) . In light of recent work that concluded that growth in the feeder cell system abolishes induction of p16 and subsequent growth arrest in hTERT-expressing keratinocytes (52), we reexamined this question. We transduced OKF4 cells that had been serially passaged always in the fibroblast feeder system with pBABE(h-TERT)puro, either relatively early (19 PD) or late (41 PD) in their Ϸ45-PD life span. The transductants were generated and drug selected in the feeder layer system, and this population was then divided, with half the cells passaged subsequently in the feeder cell system and half in K-sfm medium without feeder cells.
As shown in Fig. 2a and b, OKF4/TERT (early) cells yielded immortalized lines in both culture systems, although the Ksfm-grown cells exhibited a more prolonged "slow growth phase" (17) before more rapidly dividing cells took over the population. As shown in Fig. 2a , an inflection point is apparent in the growth curves of cells expressing hTERT whether they were grown in the presence or absence of fibroblast feeder cells. This inflection point occurred at the PD level at which untransduced control cells became senescent, consistent with the interpretation that the immortalized line arose from selective growth of a minor subpopulation or rare variant of the total hTERT-expressing cell population. As shown in Fig. 1e and f, the OKF4/TERT (early, feeders) immortalized line continued to generate nondividing, p16-positive cells during serial passage, as we had noted for several hTERT-immortalized lines arising in K-sfm as described in an earlier report (17) . In contrast, OKF4 cells transduced to express hTERT late in their life span (Fig. 2b ) did not yield immortalize lines when cultured in either the feeder cell or K-sfm system; the transduced population exhibited a modestly (Ϸ10 PD) longer life span than untransduced control cells, but all the OKF4/TERT (late) cells senesced without emergence of an immortalized variant.
This result was very different from that which we obtained in a similar experiment with the primary dermal fibroblast line R2F. Immortalized lines resulted from transduction of these cells with pBABE(hTERT)puro whether it was introduced relatively early or late in the life span of this line, and no slow growth phase or inflection in the life span curve was apparent. This result is consistent with previous studies that concluded that prevention of telomere shortening is sufficient to prevent normal senescence and yield an immortalized phenotype in human dermal fibroblasts (7, 17, 31) .
Expression of mutant cell cycle-regulatory proteins in primary human cells can specifically abolish endogenous p16 INK4A and p53-dependent growth arrest mechanisms. We next sought to determine experimentally whether p16 is an essential enforcer of keratinocyte senescence, in contrast to the p53/p21-dependent mechanism found previously to be responsible for fibroblast senescence (8, 12) . Accordingly, we compared the effects of stably expressing dominant-negative mu- tant forms of two cell cycle-regulatory proteins that specifically abolish either the activity of p16 or the activity of p53 in primary cell lines. cdk4 R24C (cdk4R) is a naturally occurring point mutant of cdk4 which is unable to bind p16 yet retains cyclin D-dependent kinase activity (74) . p53DD is a C-terminal fragment of p53 that retains the multimerization domain but lacks the transcriptional transactivation domain of p53. When overexpressed in cells, p53DD forms transcriptionally inactive multimers with endogenous wild-type p53 protein (63) .
Cells transduced with the pBABE(cdk4R)hygro or the Immortalized OKF4/TERT (early, feeders) cells serially passaged in the feeder fibroblast/FAD medium system (at 70 PD, which is 25 PD beyond the life span limit of the parent cell line). All three cell lines were plated at a low density (Ϸ10 3 cells/cm 2 ) and allowed to grow for 6 to 8 days before fixation. The fields shown are typical colonies that were the progeny of single cells. (a, c, and e) BUdR had been added to the medium 24 h before fixation, and cells were coimmunostained for p16 (blue) and for BUdR (red/brown). Asterisks in panels d and f indicate large, flat, p16-and BUdR-negative 3T3 fibroblast feeder cells at the periphery of keratinocyte colonies. Note that in the three cell lines shown, nearly all cells were cycling except for those containing moderate to high levels of p16. (Fig. 3a) . As expected, levels of endogenous, wild-type p53 increased greatly in cells expressing p53DD because the latter prevents p53-mediated transcriptional activation of mdm2, which normally ubiquitinates p53 and targets it for proteasomal degradation (45, 63) . The cdk4R and p53DD proteins expressed by transductants were biologically active: cdk4R-expressing cells approaching the end of their normal life span were able to enter S phase even after they had expressed and accumulated high levels of endogenous p16 (Fig.  3b) , in contrast to the behavior of normal control keratinocytes (Fig. 1a) , and p53DD-expressing cells failed to undergo p53-mediated cell cycle arrest in response to DNA damage (Fig. 3c ).
p53 but not p16
INK4A plays an essential role in the mechanism responsible for enforcing replicative senescence in fibroblasts and mesothelial cells. We first assessed the effects of expressing cdk4R or p53DD on the replicative life spans of normal human dermal fibroblasts and peritoneal mesothelial cells, two cell types that were found previously to bypass senescence and become immortalized directly following expression of hTERT (7, 17) . R2F fibroblasts transduced to express p53DD bypassed their normal senescence limit of 80 PD and continued to divide rapidly for an additional 43 PD ( Fig. 4a ; Table 1 ) before entering a state resembling crisis, in which some cells continued to cycle but there was a net decrease in cell number with each passage. This result confirms an earlier FIG. 2. Ability of keratinocytes and fibroblasts to be immortalized by hTERT expression early versus late in their life spans. The primary oral keratinocyte line OKF4 and the primary dermal fibroblast line R2F were transduced with the pBABE(hTERT)puro vector at either an early (a and c) or late (b and d) stage of their respective life spans. Downward arrows indicate the time of transduction. The OKF4 parent line and hTERT transductants were cultured in the fibroblast feeder cell system until drug selection was complete, after which half the cells were subsequently cultured in the feeder system and half in K-sfm medium. ‫ء‬ indicates the PD level at which cell populations were completely senescent. Note that R2F fibroblasts were immortalized by hTERT expression at any time during their life span, whereas OKF4 keratinocytes were not immortalized if hTERT was expressed late in the life span in either culture system. OKF4 cells yielded immortalized lines when hTERT was expressed earlier in the life span, but a long period of initially slow population doubling rates preceded the appearance of more rapidly dividing immortalized cells for OKF4/TERT (early) cells cultured in K-sfm, and a modest inflection of the growth curve and progressive selection of more rapidly dividing cells were also evident for OKF4/TERT (early) cells cultured with feeder cells. Small arrowheads at the ends of some lines in the graphs indicate immortalization. report (8) that expression of a dominant negative mutant p53 extends the life span of primary human fibroblasts.
As we predicted, since human dermal fibroblasts do not exhibit a marked increase in p16-expressing cells as they approach senescence, expression of cdk4R in R2F had little or no effect on its replicative life span. Expression of cdk4R in R2F/ p53DD cells also resulted in little change in its extended proliferative potential, also as expected. Expression of hTERT in R2F cells resulted in direct immortalization, confirming previous studies (7, 17) . The primary mesothelial cell line HM3 responded similarly to R2F fibroblasts to the expression of cdk4R, p53DD, and hTERT (Table 1) . Our results for fibroblasts and mesothelial cells were consistent with previous studies (5, 8, 12 ) and with a model in which replicative senescence of these cell types results from a p53-dependent cell cycle arrest instigated by telomere shortening.
Inhibition of the activities of both p16
INK4A and p53 is necessary to bypass senescence and extend the replicative life span of keratinocytes. Previous studies had suggested that keratinocyte life span is limited by a p16-dependent mechanism activated independently of telomere status (17, 20, 31) . We therefore predicted that keratinocytes would respond differently from fibroblasts to expression of cdk4R and p53DD. As we expected, expression of p53DD in primary human keratinocyte lines cultured from four different stratified squamous epithelial tissues did not permit any of them to evade senescence (i.e., to divide significantly longer than the life span of the parent cell line) (Fig. 4b and c and Table 1 ). We were surprised to find that expression of cdk4R in these primary keratinocyte lines also resulted in little or no life span extension (Fig. 4b and c and Table 1 ) despite the demonstrable ability of cdk4R-expressing keratinocytes to enter S phase after having begun to express p16 (Fig. 3b) .
When transduced to express both p53DD and cdk4R before they had reached the end of their normal life span, all four keratinocyte lines examined evaded senescence and continued to divide rapidly for an average of 27 PD (range, o 15 to 43 PD) beyond the normal limit of the respective primary line (Fig. 4b and c and Table 1 ). During their extended life span phase, cdk4R-and p53DD-transduced keratinocytes continued to experience telomere erosion (Fig. 4d) and ultimately ceased further population expansion in a crisis-like state, marked by slow proliferation and cell death without net population increase. At any time during their extended life span before crisis, p53DD and cdk4R double transductants could be "rescued" as immortalized cell lines by transduction to express hTERT (Fig.  4b and c and Table 1 ), which caused elongation and stabilization of telomere sequences (Fig. 4d) . From these observations, we concluded that inhibition of both p16 and p53 function is required to evade keratinocyte senescence and that, additionally, expression of hTERT is required for immortalization.
We wished to eliminate the possibility that the observed requirement for keratinocytes to lose p53 function in addition to p16 susceptibility in order to evade senescence was an artifact of employing cdk4R expression to permit keratinocytes that had accumulated high levels of endogenous p16 to continue dividing. We therefore examined the replicative life span, the integrity of the p16 locus, and the p16 protein expression status of K107, a primary keratinocyte line cultured from an individual who inherited a heterozygous loss-of-function point mutation (G101W) in exon 2 of p16 INK4A . The wild-type and mutant alleles of K107 could be distinguished by single strand conformational polymorphism analysis, and the inactive protein product of the mutant allele has a very short half-life in cells (22) , so that expression of that allele results in very low steady-state levels of immunochemically detectable p16 protein (70) . As shown in Fig. 5a , K107 cells had a replicative life span of Ϸ23 PD. Immunocytochemical analysis disclosed that wild-type p16 protein accumulated in K107 cells as they became senescent, just as in genetically normal keratinocytes, and no p16-negative cells were observed in these cultures when the population had become completely senescent (data not shown).
When K107 cells were transduced to express both p53DD and cdk4R before the end of the line's normal life span, the resulting double transductants behaved in the same way as such transductants generated from genetically normal keratinocytes in that they bypassed their normal senescence limit and divided for an additional 31 PD (Fig. 5a and Table 1 ). Extended life span K107/p53DD/cdk4R cells retained both the mutant and wild-type p16 INK4A alleles (Fig. 5b) and expressed high levels of p16 protein ( Fig. 5c and e) , just like normal keratinocytes transduced to express both p53DD and cdk4R. In contrast to genetically normal keratinocytes, however, K107 cells transduced to express p53DD alone continued to divide rapidly for an additional 31 PD past their normal senescence limit. K107/p53DD cells exhibiting this extended replicative life span expressed very little immunochemically detectable p16 protein (Fig. 5c and f) and were found to have lost the wild-type p16 INK4A allele (Fig. 5b ). K107/p53DD cells transduced to express hTERT during their extended life span were immortalized. Thus, rare spontaneous p16 INK4AϪ/Ϫ variants do arise within the K107 population during serial culture, but they have a selective advantage over p16
INK4Aϩ/Ϫ cells (in the form of a longer replicative life span) only if the separate, p53-dependent senescence arrest mechanism can be overcome. This result demonstrates the phenotypic equivalence in this system of cdk4R expression and loss of wild-type p16 expression. More importantly, we concluded from this and the previous experiments that keratino- cyte replicative life span is limited by a mechanism that enforces senescence arrest by inducing or activating both p16 and p53. p53-dependent component of the keratinocyte senescence mechanism is activated by a signal other than telomere shortening. We initially interpreted the requirement for abolishing p53 in addition to p16 in order to evade keratinocyte senescence as indicating that telomere length-sensitive, p53-dependent arrest typically is activated in cells after the same number of population doublings as is the separate, p16-dependent arrest mechanism. If this hypothesis were true, then keratinocytes expressing cdk4R should escape senescence arrest if subsequently transduced to express either p53DD (thereby inhibiting the p53-dependent mechanism triggered by telomere shortening) or hTERT (thereby preventing telomere shortening such that p53 upregulation should never occur).
The results of an experiment to test this hypothesis are shown in Fig. 6 . Strain N keratinocytes previously transduced at mid-life span to express cdk4R proved not to be immortalized as an immediate result of hTERT expression (Fig. 6a) . In two of three such experiments, the N/cdk4R/TERT cell population senesced soon after the N/cdk4R cells did. In one of the three experiments, most of the N/cdk4R/TERT cells senesced and a rare, immortalized variant eventually emerged, similar to the result described following expression of hTERT in the parent strain N cell line (17) . The precise nature of the heritable alteration acquired by the immortalized N/cdk4R/TERT variant remains to be characterized, but analysis of these cells disclosed a partially defective DNA damage response (Fig. 6c) , consistent with a lesion in the p53-dependent growth arrest pathway.
As we had expected from the experiments described in Fig.  4c and Table 1 , transduction of the N/cdk4R line to express p53DD resulted in substantial but finite life span extension, and the N/cdk4R/p53DD cells were directly immortalized by hTERT expression (Fig. 6b) . This experiment provided further evidence that both the p16-dependent and p53-dependent components of the keratinocyte senescence mechanism that we had identified function as barriers to hTERT immortalization. More importantly, it disclosed that the p53-dependent component is activated independently of telomere shortening and therefore that p53 is involved in keratinocyte senescence in a different way than it has been proposed to be involved in fibroblast senescence. Increase in p14 ARF expression occurs as engineered keratinocytes evade their normal life span limit. Western blot analysis (Fig. 7a ) disclosed progressively increasing levels of p16 and p21 in normal keratinocytes as they approached senescence. Some of the p21 increase presumably resulted from increased p53 activity in some cells in response to telomere shortening, but interestingly, even higher levels of p21 were found in late-life span, cdk4R-expressing cells. We investigated the possibility that p53 is activated in cdk4R-expressing keratinocytes as the result of an increase in expression of p14 ARF , which increases p53 levels indirectly by inhibiting mdm2-mediated ubiquitination of p53 (65, 67, 71, 79) . p14 ARF was not expressed at detectable levels by normal keratinocytes approaching or at senescence or in cdk4R-expressing keratinocytes (Fig. 7a, b , and c), however. It was detectable immunocytochemically in only occasional p53DD transductants nearing senescence (data not shown). Western blot and immunocytochemical analysis revealed that p53DD transductants that also expressed cdk4R or that had become p16
INK4AϪ/Ϫ
, such that they could resist cell cycle arrest by both p14 ARF and p16, had detectably elevated levels of p14 ARF protein, identifiable in the nucleoli of most cells in these populations (Fig. 7) . Importantly, this increase in p14 ARF levels did not occur in p53DD/cdk4R-engineered cells as an immediate response to loss of p53-and p16-dependent cell cycle control. Instead, p14
ARF protein was detected only after such engineered cells had proliferated beyond the PD level at which control cells had all expressed p16 and become senescent.
Our experimental method of blocking p53-dependent events by p53DD expression could not distinguish between p14 ARFinstigated activation of endogenous p53 and other mechanisms that might accomplish such activation. However, the close correlation between the appearance of p14 ARF and the timing of the p53-dependent component of senescence arrest raises the introduce DNA strand breaks, received BUdR for the final 20 h before fixation, and were immunostained for BUdR as described in the text. From 150 to 500 cells in at least four randomly selected fields were scored for labeled nuclei. The labeling index (percent cycling cells) of control cultures was 70 to 80% for all lines shown. These control values were normalized to 100% (gray bars), and the relative numbers of labeled nuclei in the actinomycin-treated culture of each line (black bars) are shown in the graph. Note that the parent primary line strain N cells, presenescent N/cdk4R cells, and early N/cdk4R/TERT-1 cells exhibited the normal DNA damage response of cell cycle arrest. In contrast, the later-passage, rapidly dividing, immortalized N/cdk4/ TERT-1 cultures and N/cdk4R/p53DD/TERT cultures contained a substantial frequency of cells that were not arrested and continued to cycle following DNA damage. Note also that N/TERT-1, a line previously shown to be deficient in p16 expression but having normal p53 function (17) , displayed a normal DNA damage response, demonstrating that p16 deficiency and telomere stabilization alone do not impair this response. possibility that telomere-independent senescence in keratinocytes results from sequential induction of p16 and p14 ARF , the latter occurring only if the former fails to arrest growth.
Keratinocytes engineered to evade p16 INK4A -and p53-dependent arrest mechanisms divide rapidly and retain the ability to differentiate during their extended life span. As shown in Fig. 4b and c, keratinocytes engineered to evade senescence arrest continued to divide rapidly until limited by a crisis presumably related to very short telomeres. These cells retained the ability to stratify and express suprabasal terminal differentiation proteins K10 and involucrin during their extended life span ( Fig. 8a and b) . Organotypic cultures of cdk4R-and p53DD-expressing epidermal keratinocytes that had been immortalized by hTERT expression and which had undergone a total of 116 PD stratified and underwent an epidermis-type suprabasal differentiation program, including formation of a granular cell layer and an enucleated stratum corneum ( Fig. 8c  and d) . We did not analyze these cell lines for markers of hyperplasia during experimental tissue formation, as was reported recently to be exhibited by some hTERT-immortalized keratinocyte lines (20) . We were able to conclude from these experiments, however, that keratinocytes engineered to evade arrest from the telomere-unrelated aging and senescence mechanism are not functionally impaired, so that, if they are able to maintain their telomeres, they can divide and differentiate for an indefinite period under the culture conditions used in these studies. growth arrest mechanism in keratinocytes that substantially limits their replicative potential in culture and can enforce a telomere status-independent barrier to immortalization. These results confirm and extend prior observations by several groups (17, 20, 31) indicating that simultaneous loss or relaxation of p16 and Rb control together with expression of active telomerase is necessary for immortalization of human keratinocytes whether such cells are cultured in an optimized keratinocyte medium formulation (K-sfm) or cocultured with fibroblast feeder cells. Surprisingly, we observed that blocking the interaction of p16 with cdk4 by expressing a dominantly acting mutant cdk4 (R24C) in the presence of active telomerase was not sufficient to immortalize human keratinocytes. Instead, we found that inhibition of p53-dependent control was additionally required for immortalization. These results have defined the central elements of a model for keratinocyte aging and senescence that accommodates data reported previously by ourselves and others (17, 20, 31, 52) that are related to mechanisms that limit proliferative potential and restrict immortalization in this cell type. In this model, pro- gressive telomere shortening and a telomere-independent cell aging process occur simultaneously in keratinocytes. Senescence arrest triggered by the latter, via p16 expression, occurs first in the majority of cells produced during growth of keratinocytes in culture and therefore is typically preeminent in determining the replicative life span, measured as expansion potential, of primary keratinocyte cell lines.
Keratinocyte senescence mechanism has a p53-dependent component which is telomere status independent. Our study revealed an unexpected role for p53 as an element of the telomere-unrelated keratinocyte senescence mechanism. The p53-dependent component was sufficient to enforce senescence arrest in engineered, p16-resistant keratinocytes and in genetically p16-deficient keratinocytes, as demonstrated by the fact that such cells did not exhibit an extended life span unless they were also engineered to eliminate p53 function. Unlike the situation in fibroblasts, the p53-dependent component of this arrest mechanism that we identified proved not to be activated by telomere shortening. Keratinocytes engineered to express both cdk4R (to confer resistance to p16) and hTERT (to extend and maintain telomeres) senesced after approximately the same number of population doublings as did those of the control, parent cell line or cells expressing cdk4R alone. A rare, immortalized variant that arose from one N/cdk4R/ TERT line was found to exhibit an impaired DNA damage response, consistent with acquisition of a lesion in the p53-dependent growth control pathway. It remains to be determined whether p14
ARF , levels of which we observed to increase in extended-life-span keratinocytes, is an essential upstream mediator of the p53 component of senescence in this cell type. We can conclude that telomere stabilization (and consequent avoidance of a telomere length-sensitive, p53-dependent arrest) does not prevent activation of a p53-dependent immortalization barrier in keratinocytes.
Differences between fibroblast and keratinocyte senescence. The results of our experiments to characterize the replicative senescence mechanism of human fibroblasts and mesothelial cells are consistent with previous studies of these cell types and of several others, including retinal pigmented epithelial cells and vascular endothelial cells. For these four cell types, the reported data (5, 7, 8, 12, 17, 78) support a model in which partial telomere shortening is recognized by the DNA damage response mechanism, triggering an increase in p53 activity, consequent induction of p21, and permanent cell cycle arrest. In our study, expression of a dominant negative mutant p53 in fibroblasts was sufficient to confer a long extended life span limited eventually by an apparent crisis associated with very short telomeres. In contrast, fibroblasts that we engineered by cdk4R expression to be resistant to p16 did not exhibit an extended life span, providing direct evidence that induction of increased p16 levels is not an essential element of the mechanism that normally limits fibroblast replicative potential. An increase in p16 levels has been detected previously in senescent fibroblasts, but only after they had already undergone growth arrest in response to increased p21 levels (3) . A recent analysis of p21 and p16 expression in senescing fibroblasts and the effects of these inhibitors on cyclinE/cdk2 and cyclin D1/cdk4 activities also concluded that p16 is not responsible for initiating senescence arrest in this cell type (66) .
Although p14 ARF has been found to be an essential component of premature senescence in human fetal lung fibroblasts caused by experimental overexpression of E2F (18), recent reports have concluded that p14 ARF is not involved in the p53-dependent DNA damage response pathway (30) or in the p53-dependent mechanism responsible for normal senescence in human skin fibroblasts (72) . Consistent with the latter report, we found no increase in p14 ARF protein levels in senescing fibroblasts or in p53DD-expressing, extended-life-span fibroblasts (data not shown), leading to our conclusion that the pathway leading to p53-dependent senescence arrest in fibroblasts is different from that which activates the p53-dependent component of the p16-initiated keratinocyte senescence mechanism.
Some discrepancy among results from different laboratories about whether Rb regulation plays a critical role in fibroblast senescence is likely to be associated with recently identified differences between dermal fibroblasts (such as the R2F primary line that we studied here) and primary fetal lung fibroblast lines (such as IMR-90 and WI-38), which have been reported recently to exhibit an unusual sensitivity to oxygeninduced damage that limits life span, possibly independent of telomere shortening and involving p16 expression [6, 75] ). There are also important species differences with respect to the mechanisms responsible for limiting fibroblast life span. Several studies, culminating in recent reports comparing the proliferation potential and spontaneous immortalization frequency of murine embryo fibroblasts cultured from normal, p16
INK4A -null, and ARF-null mice (32, 62) , have demonstrated clearly that upregulation of ARF, reinforced by coordinate upregulation of p16, is responsible for determining the limited replicative potential of murine embryo fibroblasts in culture, a senescence mechanism that is not triggered by telomere shortening (64) .
p16-related arrest mechanism is active and restricts the proliferation capacity of keratinocytes cultured in the feeder cell system and in defined culture medium formulations. Our present study has demonstrated clearly that p16 upregulation eventually occurs in the vast majority of keratinocytes immediately preceding their senescence arrest in all media that support their proliferation, including the fibroblast feeder cell system (4, 55) and another, semidefined medium formulation (K-sfm) that is permissive for a long (i.e., Ͼ40 PD) replicative life span of some normal primary keratinocyte lines. As found in previous studies (17, 52) , we observed an inflection in the growth curves of hTERT-expressing keratinocytes at the approximate PD level at which untransduced control cells upregulate p16 and become senescent. This inflection, which we had termed the slow growth phase (17) , preceded the emergence of rapidly dividing, immortalized cell lines in both the feeder cell and K-sfm systems. As discussed below, the mechanism by which hTERT-expressing keratinocytes become immortalized without undergoing a complete loss of p16 expression remains to be determined. It is important to note that such lines can arise in both culture systems and that there is not an apparent qualitative difference in the activation of the p16-dependent senescence arrest mechanism and immortalization barrier between cells cultured in the two systems.
We used K-sfm medium for most of the experiments presented here and in an earlier study (17) (52) . The two ocular keratinocyte primary lines that we examined in the present study, ConjEp-1 and HuCL-22, had shorter life spans of 18 and 24 PD, respectively, consistent with our earlier study of the in vitro replicative potential of conjunctival and corneal limbal keratinocytes in the feeder cell culture system (33) . One can readily calculate whether the expansion potential exhibited by normal keratinocytes in culture is consistent with the expected replication capacity of keratinocyte stem cells in vivo. The renewal rate of the human epidermis, expressed as average turnover or transit time of cells from the proliferative basal layer up through the differentiated layers and ultimate desquamation, has been estimated as about 1 month (73) . Even if the renewal rate were twice as frequent, this would require formation during the maximum human life span of (130 years) ϫ (24 new cells per year) ϭ 3,120 Ϸ 2 12 total cells from each original basal cell. Thus, a 12-PD replicative life span would endow the average cell in the basal, proliferative compartment with sufficient expansion potential to maintain a stratified squamous epithelium. Allowing for additional reserve capacity to accommodate occasional demands of wound repair and the possibility that the longest-lived stem cells comprise only 1/10 to 1/100 of all the basal cells in an epithelium, the life spans that we have observed for oral and epidermal keratinocytes cultured in K-sfm medium still exceed what is likely to be required of these cells in vivo.
Seeking upstream events in the pathway leading to p16 INK4A -enforced keratinocyte senescence. It is important to characterize the elements of the keratinocyte aging and senescence pathway that precede p16 expression. p16 does not appear to be expressed during normal renewal and differentiation of stratified squamous epithelia in vivo (43, 53) , so it is possible that the stem cells and their differentiating progeny in these tissues normally elude p16-related senescence. The behavior of one cell line described in a recent study (52) suggested to the authors that, provided that hTERT-expressing keratinocytes are maintained in the feeder layer system, p16-enforced senescence can be avoided indefinitely and therefore yield an immortalized line that retains the normal p16 expression mechanism.
The BUdR and p16 double immunocytochemical staining data that we presented here (Fig. 1) showed that p16-associated senescence occurs in the great majority of cells serially passaged either in the feeder layer system or in K-sfm and that it persists, albeit with a reduced frequency of induction, in many hTERT-immortalized keratinocyte lines passaged continuously in the feeder cell system. The experiment shown in Fig. 2 suggests that the ability of the p16-initiated senescence mechanism to function as an absolute barrier to formation of an hTERT-immortalized line can vary with the stage during the life span at which hTERT is introduced and with the conditions of culture. Close examination of the shape of the life span curves reported here (Fig. 2) and in a previous study (17) , as well as one recently reported by others (52) , reveals that hTERT-transduced keratinocyte lines are not directly immortalized but undergo a progressive evolution toward more rapid population doubling times during serial passage. It will be important to determine whether the ultimately immortalized, rapidly dividing lines have acquired a lesion in some step of the p16-related aging/senescence pathway that reduces the probability with which p16-expressing cells are generated during serial passage to a level permitting indefinite population expansion, i.e., the immortalized phenotype.
Several recent studies of keratinocytes and other cell types have identified potential molecular candidates for regulators of steps in the keratinocyte aging/senescence pathway upstream of p16 induction. A role for the transcription factors Ets1 and Ets2 in the induction of p16 expression in response to hyperactivation of the ras-raf-MEK pathway in human fibroblasts has been reported (44) . A correlation between loss of Id1 expression and an increase in p16 expression has been identified in human keratinocytes (42) . Reports that Id1 overexpression in keratinocytes results in life span extension (42) and occasional evolution of an immortalized line (1) are consistent with the possibility that Id1 directly or indirectly acts as a repressor of the p16 promoter, as has been reported recently for mouse embryo fibroblasts (2). Bmi-1 has been found to repress the p16/ARF locus in mouse embryo fibroblasts (27) , so this protein is another candidate for a regulator that could block expression of p16 in "young" keratinocytes.
Two especially interesting candidates for essential components of the pathway upstream of p16 induction in keratinocytes have been identified recently. One is 14-3-3, which is expressed in the suprabasal, differentiating cell layers of the epidermis in vivo and has been found to be upregulated in cultured human keratinocytes. Increased levels of this protein correlate with reduced proliferative potential and increased p16 expression as keratinocytes approach senescence, and expression of antisense 14-3-3 RNA in keratinocytes permanently prevented p16 upregulation during serial passage and led to formation of immortalized lines expressing endogenous telomerase (16) . Expression of p63, the predominant isotype of which acts as a p53 inhibitor (77) , has been found to correlate with a long remaining replicative potential for keratinocytes cultured in the fibroblast feeder cell system (49) . It remains to be determined whether, and by what mechanisms, alterations in the expression of these and other regulatory proteins during the course of keratinocyte aging ultimately cause p16 induction and consequent senescence arrest.
Toward understanding the function of keratinocyte aging and the p16 INK4A -enforced senescence arrest mechanism in vivo. Keratinocytes lacking p16, p14 ARF , or p53 expression or function differentiate normally, as shown for human cells in our studies and in studies of knockout mice (19, 60) . Immunohistochemical staining for p16 has revealed either no detectable expression or scattered expression of this protein with no apparent pattern in normal stratified squamous epithelia (43, 53) . Thus, these proteins appear to have no essential role in the normal development, renewal, differentiation, or homeostasis of these tissues. p16 INK4A (10, 13, 38, 46) , consistent with the conclusion that ability to express these proteins becomes important as a tumor suppressor mechanism at an early stage of neoplastic progression in stratified squamous epithelial tissues. Integration and expression of the E6 and E7 oncoproteins of certain types of papillomaviruses, such as HPV16 and HPV18, are frequently found in premalignant dysplasias of the cervical epithelium. Among the functions of the E6 and E7 oncoproteins are inactivation of p53 and Rb (25) . Extended replicative potential conferred by escape from p16 and p53 control, whether by mutation of cellular genes or acquired by HPV infection, would be predicted to greatly assist epithelial neoplastic progression in vivo.
Our results suggest that primary keratinocytes engineered to express cdk4R and p53DD should serve as valuable, welldefined models of premalignant human epithelial cells for investigating subsequent genetic and epigenetic events, including induction of endogenous hTERT expression, necessary to confer a malignant phenotype.
